conditions of high energy demand, but that rapid malate transport makes up the difference, supplying pyruvate yimaNc enzyme and replenishing losses of tricarboxylic acid cycde intermediates.
It has been recently demonstrated that rat liver mitochondria possess a relatively specific pyruvate transporter in the inner membrane (8, 10, 19) . While it seems definite that this carrier catalyzes pyruvate-hydroxyl exchange and is specifically inhibited by a-cyano-cinnamic acid and its derivatives (8) , there is some confusion about its ability to exchange dicarboxylate ions for pyruvate (8, 19, 20, 22) . The kinetics of pyruvate uptake suggests that the carrier may be important in the regulation of pyruvate metabolism, particularly gluconeogenesis (8) .
Little is known about pyruvate entry into plant mitochondria although swelling studies have suggested that it differs from that of other carboxylic acids (13) . Pyruvate oxidation by isolated mitochondria apparently is limited by availability of acetyl-CoA acceptor (23) . On the other hand, pyruvate can be generated intramitochondrially from malate, via malic enzyme (2, 16, 18) .
The present study sought to determine the means by which pyruvate is taken up by corn mitochondria and to what extent its oxidation, and that of malate, is governed by its transport. It is shown that pyruvate transport occurs via a mechanism similar to that in liver mitochondria, and that malate can act as the primary carbon source of the TCA3 cycle. It is suggested that the relative contributions of malate and pyruvate, when both are supplied, to TCA cycle activity in the plant cell may be determined in part by the respective transport systems.
MATERIALS AND METHODS
Mitochondria were isolated from 3-day-old etiolated corn (Zea mays) shoots essentially as described by Hanson (11) except that TES buffer (pH 7.5) was used instead of KH2PO4 and 0.1% BSA was included in the grinding medium. Oxygen consumption was measured using a Clark 02 electrode in a volume of 4.5 ml at 25 C as described previously (11 (8, 10, 19, 22 The NADH-driven swellng in pyruvate and valinomycin was severely inhibited by CHCA, and was also inhibited by mersalyl (Fig. 5A) (Table II) , and the initial NADH-energized swelling rate (Fig. 4) . This is about 21 nmol/ min-' -mg protein-1, which is adequate to support an oxidation rate of 52.5 nmol O2 min-'-mg protein-'. This is almost certainly an underestimate due to leakage of pyruvate during reisolation of the mitochondria, but nonetheless, the above rate is similar to that obtained with liver mitochondria (8) , which also have a dicarboxylate transport system which is much more active than that for pyruvate (8 (Fig. 7A ) malate plus pyruvate respiration declined by approximately 32%; subsequent addition of CHCA inhibited further. Butyl malonate inhibited malate plus glutamate oxidation more severely (by approximately 63%) while CHCA had no effect (Fig. 7B) . Obviously, sustaining maximum pyruvate plus malate oxidation involves consumption of exogenous malate and requires continuous malate transport; that is, malate does not act solely as a sparker. The more rapid rate of malate plus glutamate oxidation suggests a more rapid rate of oxaloacetate turnover than when pyruvate is supplied. Hence, the rate-limiting step in malate plus pyruvate oxidation is probably pyruvate transport or oxidation to acetyl-CoA.
The rate of malate oxidation can be affected by the pH of the medium also, as noted previously by Macrae (16) . Cofactors necessary for the oxidation of pyruvate (derived via malic enzyme) are effective in promoting 02 uptake at pH 6.8 (Fig. 8B) , but not at pH 7.2 unless pyruvate is supplied (Fig. 8A) . Macrae (16) (Table IV) . Since oxidation via the TCA cycle requires acetyl-CoA production, malate must have been oxidized via malic enzyme and pyruvic dehydrogenase. At 4 mm malate, 42% of the pyruvate being consumed is derived from malate (provided there is no loss of TCA cycle intermediates from the matrix). This figure agrees reasonably well with those estimated from blocking malate or pyruvate transport (Fig. 7) . Clearly, the relative contributions made by direct pyruvate transport and by malic enzyme will be a function of substrate concentrations, but the data also suggest that pyruvate transport rates can become limiting.
GENERAL DISCUSSION
The results obtained demonstrate the operation in corn mitochondria of a relatively specific pyruvate-transporting system, which apparently catalyzes the exchange of pyruvate for hydroxyl ions. Lactate also appears to be transported by this carrier which, apart from this feature, resembles that found in liver mitochondria, particularly with respect to CHCA inhibition. Halestrap (9) has suggested that CHCA attacks sulfhydryl groups on the carrier, and the inhibition by mersalyl observed here supports this. The specificity and potency of CHCA make it a potentially useful inhibitor for in vivo studies.
Plant cells are furnished with sugars which are converted in the cytoplasm to PEP, and from PEP produce two respiratory substrates, pyruvate and malate (Fig. 9 ). Malate appears to be ubiquitous in plants and is often accumulated in large amounts; the requisite enzymes (PEP carboxylase, PEP carboxykinase, and malic dehydrogenase) are commonly found (7, 21) ; dark CO2 fixation is proving to have a central role in many aspects of plant metabolism (1, 7). Lips and Beevers (14) have reported dark fixation of CO2 into malate and turnover of this malate by the TCA cycle under conditions which stimulate respiration (e.g. uncoupling). The role of intramitochondrial malic enzyme in utilizing vacuolar malate during repression of glycolysis and in intermediary metabolism has been discussed elsewhere (12, 18) . Hence, it is important to recognize that two sources of respiratory substrate are furnished to plant mitochondria, not just pyruvate, as is commonly taught.
Isolated corn mitochondria require a continuous supply of both pyruvate and malate for maximum oxidation rates ( Fig. 7 ; Tables I and IV (6) , and sparker levels of TCA cycle intermediates should be abundant after a minute or two. There are two possible explanations. First, the rates of pyruvate transport are not very large (16-33% of malate transport rates, Table III) , and appear to be inadequate to sustain maximum respiration; malate transport and oxidation via malic enzyme will supplement here (Table IV) . Second, during respiration, the mitochondria may be exporting TCA cycle intermediates which would normally be utilized in intermediary metabolism of the cell. These can be replaced by malate uptake but not by pyruvate. Depending on metabolic demands, it is possible that dark CO2 fixation diverts much PEP from pyruvate to malate formation, with malate entering the mitochondria and filling two roles -replenishing the TCA cycle pool, and furnishing part of the respiratory carbon (see Fig. 9 ).
